Background: Peritoneal membrane damage induced by peritoneal dialysis (PD) is largely associated with epithelial-to-mesenchymal transition (EMT) of mesothelial cells (MCs), which is believed to be a result mainly of the glucose degradation products (GDPs) present in PD solutions. ♦ Objectives: This study investigated the impact of bicarbonate-buffered, low-GDP PD solution (BicaVera: Fresenius Medical Care, Bad Homburg, Germany) on EMT of MCs in vitro and ex vivo. ♦ Methods: In vitro studies: Omentum-derived MCs were incubated with lactate-buffered standard PD fluid or Bica-Vera fluid diluted 1:1 with culture medium. Ex vivo studies: From 31 patients randomly distributed to either standard or BicaVera solution and followed for 24 months, effluents were collected every 6 months for determination of EMT markers in effluent MCs. ♦ Results: Culturing of MCs with standard fluid in vitro resulted in morphology change to a non-epithelioid shape, with downregulation of E-cadherin (indicative of EMT) and strong induction of vascular endothelial growth factor (VEGF) expression. By contrast, in vitro exposure of MCs to bicarbonate/low-GDP solution had less impact on both EMT parameters.
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MAy 2012 -VOL. 32, NO. 3 BICARBONATE/LOW-GDP PD FLUID AND EMT with end-stage renal disease worldwide (1); however, chronic exposure of the peritoneum to PD fluids causes local inflammation and leads to peritoneal dysfunction and membrane failure (2, 3) . The loss of the membrane's dialysis capacity is responsible for increased morbidity and mortality.
The non-physiologic nature of PD fluids is considered to be one of the factors leading to alteration of the peritoneal membrane (3) . This persistent stress of chronic peritoneal inflammation, exacerbated by periodic acute episodes of peritonitis, contributes to structural abnormalities of the peritoneal membrane, including loss of the mesothelial cell (MC) monolayer, submesothelial fibrosis, angiogenesis, and hyalinizing vasculopathy (4, 5) . Such alterations are considered to be the major cause of loss of functional membrane capacity, resulting in ultrafiltration (UF) failure.
Characterization of this response to PD is based on functional, histologic, and cytologic effluent studies (6) . Peritoneal biopsy is the accepted standard for investigating peritoneal membrane alterations, but its invasiveness precludes regular use. Based on histologic data, we showed that epithelial-to-mesenchymal transition (EMT) of MCs is the mechanism that probably initiates damage to the membrane (7) (8) (9) (10) . Transdifferentiated MCs acquire a non-epithelioid phenotype, with loss of E-cadherin and increased production of vascular endothelial growth factor (VEGF), fibronectin, and collagen I (7) (8) (9) , all of which correlate with high peritoneal transport (7) . We also demonstrated that standard fluids induce EMT of MCs in vitro (7, 8) .
BicaVera (Fresenius Medical Care, Bad Homburg, Germany) is a bicarbonate-buffered PD fluid with a low content of glucose degradation products (GDPs) relative to standard solutions (11) . The first clinical studies have suggested improved biocompatibility for this solution (12, 13) . Glucose degradation products promote the transformation of precursors of glycosylation (Amadori products) into advanced glycosylation endproducts (AGEs) (14) . Mesothelial cells express the AGE receptor (RAGE), and RAGE activation is able to initiate EMT (15) . In two series of PD patients, Do and coworkers (16, 17) showed rapid remesothelialization and less EMT with the use of low-GDP solutions at the medium term. Based on those data and on our experience with another low-GDP fluid (18) , we hypothesized that peritoneal MCs of patients exposed to a GDP-reduced fluid with bicarbonate as buffer (BicaVera) should show an additionally lower risk of EMT development and, by extension, less deteriorated peritoneal function, both in vitro and ex vivo, than is seen with exposure to lactate/GDP-rich standard fluid. The aim of the present study was therefore to examine whether expression of EMT markers in MCs from effluents of PD patients is reduced by treatment with bicarbonate/low-GDP solution (BicaVera) at the medium term.
METHODS

PATIENTS AND STUDY DESIGN
Two parallel studies to evaluate low-GDP fluids with different buffers-Balance (Fresenius Medical Care) and BicaVera-were simultaneously performed, with both fluids being compared with a standard fluid (Stay •Safe: Fresenius Medical Care). The results obtained with Balance and with the standard fluid have already been published (18) .
The present prospective study was performed over a 4-year period in two university hospitals using the same PD protocols (19) . Only incident patients were included, and the only inclusion criterion was that patients be able and willing to perform continuous ambulatory PD therapy with no expressed indication for automated PD. Patients were randomly assigned to either BicaVera or the standard PD fluid by the doctors. The standard-fluid (Stay •Safe; 1.5%, 2.3%, and 4.25% glucose) group consisted of 20 patients (11 women, 9 men; mean age: 59 ± 15 years; 15% with diabetes); the BicaVera (1.5%, 2.3%, and 4.25% glucose) group consisted of 11 patients (3 women, 8 men; mean age: 68.22 ± 8.80; 38% with diabetes). All patients were starting PD de novo, and every patient in a particular PD group received the same PD solution from the start of PD. The first functional evaluation of the membrane was done before the second month on PD, and that evaluation was considered to be the baseline. The follow-up period for each patient was planned to be 24 months. The study was performed according to the Declaration of Helsinki and was approved by the ethics committees of both hospitals. Written informed consent was given by the patients.
Peritoneal transport of water and small solutes was determined during a 4-hour peritoneal kinetic study performed using the 4.25% glucose version of the fluid to which the patient had been allocated. The patient's mass transfer area coefficient (MTAC) for creatinine, UF capacity for the same period, and residual renal function (RRF) were calculated as previously described (20) . Every 6 months, we determined EMT markers in MCs released into nocturnal peritoneal effluent. When a peritonitis or hemoperitoneum occurred, samples were taken after a 4-week symptomfree period. 
MC CULTURES AND TREATMENTS
Human peritoneal MCs were isolated from the effluent of overnight dwells with the 2.3% glucose version of the fluid to which the patient had been allocated, using the previously described method (21) . These effluentderived MCs were cultured until 100% confluence in Earle M199 medium (Biological Industries, Ashraf, Israel) supplemented with 20% fetal calf serum (Gibco-BRL Life Technologies, Paisley, Scotland), 50 IU/mL penicillin, 50 μg/mL streptomycin, 1 mol/L 2% HEPES, 10 μg/ mL ciprofloxacin (Bristol-Myers Squibb, Columbus, OH, USA), and 2% Biogro-2 (Biological Industries). Markers of EMT were determined ex vivo (21) .
The in vitro experiments used omentum-derived MCs that were isolated and cultured as previously described (21), remaining stable for 1 -2 passages. Oral informed consent for the collection of omental MCs was obtained from nonuremic patients undergoing elective abdominal surgery.
To exclude contamination by fibroblasts, the purity of the omentum-and effluent-derived human MC cultures was determined by measuring the expression of standard mesothelial markers (8) . These MC cultures were negative for von Willebrand factor, thereby excluding endothelial cell contamination (21) . Confluent omentum-derived MCs were incubated for 48 -72 hours in both standard (Stay•Safe 2.3% glucose) and bicarbonate (BicaVera 2.3% glucose) PD solutions diluted 1:1 with culture medium. As controls, omentum-derived MCs were cultured with M199 0% fetal bovine serum diluted 1:1 with culture medium. Some MCs in control cultures were also treated with recombinant human transforming growth factor β1 (TGF-β1) 1 ng/mL (R&D Systems, Minneapolis, MN, USA) to induce EMT in vitro (8) . Each experiment was carried out in duplicate, and at least 5 experiments were performed.
The morphology of effluent-derived MCs was assessed at 100% confluence. Each culture of effluent MCs reached confluence at a different time, but always at less than 1 month. Confluent MC cultures from PD effluent were classified into epithelioid and non-epithelioid groups according to their cellular morphology and expression of extracellular matrix components, as previously described (8) .
WESTERN BLOT
Cultures of MCs were lysed in radioimmunoprecipitation assay buffer (1% sodium deoxycholate, 0.1% sodium dodecyl sulfate) with an inhibitors cocktail (Pierce, Cambridge, MA, USA), and total protein was quantified using a total-protein assay kit (Pierce). Equal amounts of protein (30 -50 μg) were fractionated using 8% -10% sodium dodecyl sulfate and transferred to nitrocellulose membranes for polyacrylamide gel electrophoresis. Membranes were blocked with nonfat milk and incubated with specific antibodies against E-cadherin (Zymed, San Francisco, CA, USA) and tubulin (Becton Dickinson, Franklin Lakes, NJ, USA). Peroxidase-labeled goat antimouse antibody (PharMingen, San Diego, CA, USA) was visualized with an enhanced chemiluminescence detection kit (Pierce), and blot images were acquired using a Kodak Image Station 2000MM (Eastman Kodak, New York, NY, USA).
QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION ANALYSIS
For reverse-transcriptase polymerase chain reaction (PCR) analysis, MCs were lysed in TRI Reagent (Ambion, Austin, TX, USA), and RNA was extracted according to the manufacturer's instructions. Complementary DNA was obtained from 2 μg of total RNA by reverse transcription (RNA PCR Core Kit: Applied Biosystems, by Roche Molecular Systems, Branchburg, NJ, USA). Quantitative PCR was carried out in a Light Cycler 480 (Roche Diagnostics, Mannheim, Germany) using a SYBR Green PCR kit (Roche Diagnostics) and specific primers sets for E-cadherin, fibronectin, and collagen I. Histone 3 primers were used as a PCR reaction control (Table 1) . These studies were performed using MCs from patients in both groups who had reached at least 18 months of treatment. Analysis of variance was used to establish the distribution of continuous variables between populations.
We used the SPSS software application (version 14.5: SPSS, Chicago, IL, USA), which contains details on generalized mixed models, their method, and their meaning, and GraphPad Prism 4.0 (Graph-Pad Sof tware, La Jolla, CA, USA) for the statistical analyses.
RESULTS
CHARACTERIZATION OF EFFLUENT-DERIVED MC CULTURES
As previously described (7, 8) , cultures of effluent MCs can potentially show three different phenotypes: epithelial-like (similar to that of omentum-derived MCs), transitional, and fibroblast-like [ Figure 1 (A)]. Because of similitude in EMT markers, we group transitional and fibroblast-like MCs into a single category, "nonepithelioid MCs." Using that approach, we have always grouped confluent MC cultures into epithelioid and non-epithelioid MC groups, according not only to their morphologic characteristics, but also to their expression of EMT markers. Furthermore, we use ELISA to measure levels of several markers-VEGF, TGF-β1, IL-8-to better classify confluent MCs.
Compared with MCs from omentum, non-epithelioid MCs showed increased expression of VEGF (p = 0.0001) and IL-8. We did not find upregulation of TGF-β1. In addition, in non-epithelioid MCs, quantitative PCR showed significant downregulation of E-cadherin (p = 0.001) and important upregulation of fibronectin (p = 0.005) and collagen I [p = 0.01, Figure 1 
In epithelioid MCs compared with MCs from omentum, we also observed upregulation in most EMT markers because, as previously demonstrated, that transition is already ongoing in epithelioid effluentderived MCs (8) .
Exposure of MCs to bicarbonate/low-GDP fluid (BicaVera) in vitro had less impact on EMT than did exposure to lactate-buf fered standard fluid. The omentum-derived MCs were incubated for 48 or 72 hours with 2.3% glucose standard (Stay •Safe) or bicarbonate/low-GDP (BicaVera) PD fluid diluted 1:1 with culture medium. Positive and negative EMT control MCs were also cultured. Exposure of MCs to standard PD fluid resulted in marked cell death (floating round-shaped cells) and in morphologic change at 48 and 72 hours, with the acquisition of a spindlelike shape, similar to that of TGF-β1-treated cells ENZYME-LINKED IMMUNOASSAY For the detection of VEGF, interleukin 8 (IL-8), and active TGF-β1 in culture supernatants, media of MCs cultured under the earlier described conditions were replaced and collected 18 hours later; supernatants were stored at -80°C until analysis. The VEGF, IL-8, and TGF-β1 concentrations in supernatants were determined using ELISA kits (R&D Systems). Levels of fibronectin, procollagen, and intracellular adhesion molecule 1 in cell lysates were also assessed using commercially available ELISA kits (Biomedical Technologies, Stoughton, MA, USA; Takara Bio, Shiga, Japan; and Diaclone, Besaçon, France respectively) according to the manufacturer's protocols. Results were normalized according to the total protein in the cell lysate.
STATISTICAL ANALYSIS
Results are reported as mean ± standard error of the mean. Comparisons between data groups were performed using the nonparametric Mann-Whitney rank sum Utest. Values of p ≤ 0.05 were considered statistically significant. The Wilcoxon test was used for intragroup comparisons between periods, and the Mann-Whitney test was used for between-group comparisons.
To study the complete outcome of each variable over time, we applied a linear mixed model using an unstructured covariance matrix for quantitative variables and generalized estimating equations for qualitative variables (phenotype), both in the framework of generalized mixed models. The results should be interpreted as follows:
• "Significant model" means that the fluid-time interaction is p < 0.01. • "Significant fluid" means that the effects of the two fluids are different, but that the variation over time is not significantly different (parallelism maintained). • "Significant time" means that both fluids are affected by time to similar degrees.
To remove the interference of peritonitis from the studied variables, we applied three different approaches to the linear mixed-model analysis: To further explore the effects of exposure to PD fluid on EMT, we analyzed the expression of VEGF, which has been shown to be upregulated during the mesenchymal conversion of MCs (7, 9) . As Figure 2(D) shows, exposure of MCs to standard PD fluid or to TGF-β1 significantly induced the secretion of VEGF; MCs exposed to BicaVera did not show significant upregulation of VEGF. In the standard and BicaVera fluid groups, 20 and 11 patients respectively were followed for 6 months, 18 and 11 for 12 months, 11 and 11 for 18 months, and 3 and 5 for 24 months. Technique survival was similar in both fluid groups. The reasons for drop-out were kidney transplantation in 7 (standard-fluid) and 2 (BicaVera) patients, transfer to hemodialysis in 5 and 3 patients, transfer to automated PD in 3 and 0 patients, and death in 1 patient in each group.
The percentage of patients affected by peritonitis was similar in both groups: 9 episodes occurred in the standard group (3 episodes in 1 patient, and 1 episode in each of 6 patients), and 9 episodes in the BicaVera group (3 episodes in 1 patient, 2 episodes in each of 2 patients, and 1 episode in each of 4 patients). The time to first peritonitis episode in each group was not significantly different (data not shown). The global peritonitis incidence was slightly but not significantly higher in the BicaVera group (1 episode in 25 patient-months vs 1 episode in 30 patient-months in the standard group).
In studies of peritoneal function and RRF, the Bica-Vera group showed higher small-solute transport and lower UF. The linear mixed model using an unstructured covariance matrix for quantitative variables showed, for the fluids alone, higher values for the creatinine MTAC (p < 0.0001) and RRF (p < 0.004) and lower values for the UF capacity (p < 0.0001) in the BicaVera group; however, the fluid-time interaction was not statistically significant ( Table 2) . Pre-PD RRF values were also higher in the BicaVera group (10.33 mL/min vs 6.06 mL/min in the standard-fluid group). The dialysate-to-plasma ratio of creatinine and the diuresis were similar in both groups (data not shown).
Ex vivo MC cultures from the BicaVera group showed a trend to gain and maintain the epithelial phenotype and a lower level of IL-8 expression. The BicaVera group showed an unexpected higher prevalence of the nonepithelioid phenotype at baseline (72% vs 30% in the standard group). However, the groups behaved differently at the medium-and long-term, showing a trend in patients on standard fluid to gain the non-epithelioid phenotype, compared with a clear and significant loss of the non-epithelioid phenotype in the BicaVera group. At 24 months, all patients in the standard-fluid group had gained the non-epithelial phenotype, but only 20% of patients of the BicaVera group showed that phenotype. The overall differences between the groups were statistically Figure 5(A,C) ].
Studies in cellular lysate [ Figure 5 (C)] did not show significant differences by fluid group for intracellular adhesion molecule 1, procollagen, and fibronectin. Nonepithelioid MCs showed higher levels of procollagen and fibronectin (p = 0.0001, Figure 6 ). Because non-epithelioid MCs appeared in effluent in the early and late PD periods in the BicaVera group, we studied molecules associated with EMT from cells at different stages of PD, using analysis of variance to compare results obtained at baseline and after 18 months on PD. The non-epithelioid cells initially observed in the BicaVera group were characterized by lower levels of fibronectin mRNA than were seen with nonepithelioid cells from the BicaVera group at 18 months (0.23 ± 0.2 relative units vs 1.72 ± 2.54 relative units, p = 0.05, Figure 7 ).
INFLUENCE OF PERITONITIS EPISODES ON VARIABLES RELATED TO EMT
The numbers of patients and of peritonitis episodes were small, and so drawing definitive conclusions is impossible. The levels of cytokines and growth factors in supernatants or MC extracts in patients without peritonitis were similar to those in the whole group. The percentage of patients affected by peritonitis was similar in both groups: 9 episodes in the standard group, and 9 episodes in the BicaVera group. The global peritonitis incidence was slightly but nonsignificantly higher in the BicaVera group (1 episode in 25 patient-months vs 1 episode in 30 patient-months in the standard group). In the standard group, 4 patients showed non-epithelioid morphology pre-peritonitis; at the end of follow-up, 3 had maintained the same morphology, and 1 had changed to epithelioid morphology. In the BicaVera group, 3 patients showed non-epithelioid morphology, and 1 showed epithelioid morphology pre-peritonitis; all showed the epithelioid phenotype at the end of follow-up.
DISCUSSION
The aim of the present study was to investigate the effect of a bicarbonate/low-GDP PD fluid (BicaVera) on EMT of MCs in vitro and ex vivo. We defined EMT as the acquisition of a non-epithelioid phenotype, associated with loss of E-cadherin expression and production of higher amounts of mesenchymal products. Although specific studies on the correlation between ex vivo and in vivo methods for accurately diagnosing EMT in the peritoneal membrane are lacking, our data, repeated in multiple studies of PD patients, published and unpublished, continue to demonstrate consistency in findings with both approaches. We hypothesize that, when a patient shows repetitively epithelioid or non-epithelioid phenotype ex vivo, the findings from a peritoneal biopsy in the same patient show good correlation. Our data from the analysis of in vitro and ex vivo exposure of MCs to a bicarbonate/low-GDP fluid are consistently associated with preservation or acquisition of a MC epithelioid phenotype, which contrasts with the trend of MCs to acquire an EMT-associated non-epithelioid status with the use of standard fluid.
In vitro cell cultures of omentum-derived MCs preserve a physiologic phenotype. By contrast, if standard fluid with a high content of GDPs is added to cultures, a non-epithelioid phenotype associated with the loss of E-cadherin expression develops. Compared with cells treated with TGF-β1, cells exposed to standard fluid show this effect on E-cadherin at a later time point (72 hours), indicating that accumulation of a soluble factor or factors is required to repress expression of that epithelial marker. In this context, we previously described induction of TGF-β1 expression with exposure of omentum-derived MCs to standard PD fluids (22) , a situation that in turn may induce EMT. By contrast, we showed that the addition of BicaVera (and other low-GDP fluids) to MC cultures barely affects epithelioid morphology and expression of E-cadherin in the cultured cells, revealing preservation of the original physiologic MC identity (18) . The foregoing results demonstrate that the GDP content of PD fluids has an important role in the induction of EMT in MCs.
The analysis of EMT markers confirms that non-epithelioid cells show higher levels of VEGF, fibronectin, and collagen I, and reduced levels of E-cadherin, reflecting good consistency between morphology and molecular markers of EMT. However, when we analyzed markers of EMT in ex vivo studies in both groups of patients, no conclusive results were observed with respect to EMTassociated molecules, including fibronectin and TGF-β1. Only the level of IL-8 expression was significantly higher in cells from the standard-fluid group. Levels of IL-8 have been shown to be induced in MCs in vitro by standard PD fluids (23) and by GDPs (24) . Furthermore, there are hints that IL-8 might influence solute transport in PD-related peritonitis and that IL-8 promotes cell migration (25) , thereby exacerbating deterioration of the peritoneal membrane. The finding of higher levels of the chemokine IL-8 could point to a pro-inflammatory state in the standard-fluid group.
The foregoing results are tempered by the unexpected appearance at baseline of a higher percentage of patients showing a non-epithelioid phenotype in the BicaVera group. However, despite that initial finding, MCs chronically exposed to BicaVera showed an acquired positive change toward an epithelioid phenotype. By contrast, patients in the standard-fluid group showed a gradual transformation towards a generally non-epithelioid phenotype. Those data suggest that BicaVera fluid protects MCs by encouraging the maintenance of an epithelioid phenotype over the long term. Kalluri and Weinberg (26) described an intermediate state of EMT that is engaged during reparative processes and organ fibrosis. The nonepithelioid MCs initially observed in the BicaVera group might correspond to that intermediate stage of EMT ("type 1") and represent an initial reparative process. The phenomenon of EMT is an adaptive and reparative physiologic phenomenon; it becomes pathological when processes that induce EMT are maintained over time and are not properly regulated. Compared with the nonepithelioid cells from the BicaVera group at 18 months, the non-epithelioid MCs initially observed in the BicaVera group were characterized by lower levels of fibronectin mRNA. That difference over time could represent different functional stages of a common morphology: early reparative non-epithelioid cells compared with late profibrotic non-epithelioid cells.
The development of EMT could be promoted by episodes of peritonitis. We therefore compared EMT markers in MCs from patients with and without peritonitis, finding no significant differences. The most remarkable finding in patients treated with BicaVera who experienced peritonitis was the persistent preservation of the epithelioid phenotype over time. We consider that preservation of the mesothelial phenotype should be beneficial for patients, although we would need tissue samples to confirm that hypothesis.
In agreement with our results, a recent report showed that various GDPs present in standard PD fluids can induce EMT of MCs in vitro and that low-GDP fluids have less impact on peritoneal fibrosis and EMT in vivo in a rat model (27) . All of those results accord with results obtained in several patient series, including the present report (16, 17) . Mechanistically, the induction of EMT by standard fluid is related to high GDP content in such fluid, which may contribute to AGE accumulation, activation of RAGE, and damage to MCs (14, 15, 28) . The specificity of BicaVera, with its bicarbonate instead of 303 PDI MAy 2012 -VOL. 32, NO. 3 BICARBONATE/LOW-GDP PD FLUID AND EMT the usual lactate buffer, relative to effects on EMT of MCs requires further studies with larger samples than that in the present report.
Our study confirms previous data on the decreased UF capacity and increased transport of small solutes associated with more biocompatible fluids. There is no definitive explanation for those observations, although several authors have speculated that the less biocompatible fluids induce an increase in capillary permeability by increasing the response to molecules such as VEGF.
The most important limitations of our study are its nonrandomized nature and the low number of patients at final evaluation. Although a random selection cannot be equal to a randomization procedure, the characteristics of the patients included in each group were quite similar except for the larger number of patients with diabetes and higher initial RRF in the BicaVera group. In the pre-PD peritoneum, patients with diabetes showed a significant decrease in lumen-to-vessel diameter ratio compared with the ratio in nondiabetic patients. Uremia and diabetes have a significant impact on the pathogenesis of peritoneal sclerosis in the pre-PD peritoneum (29) . The higher percentage of patients with diabetes in the group treated with Bica-Vera might penalize that group. However, the BicaVera group showed progressive phenotypic change and, at follow-up, mostly an epithelioid phenotype, which might suggest a protective role of BicaVera fluid-or at least inhibition of EMT of MCs.
CONCLUSIONS
We showed that, compared with MCs obtained from patients using standard fluid, MCs obtained from effluent of patients treated with the bicarbonate/low-GDP fluid BicaVera can acquire an epithelioid phenotype at medium term, despite the potential deleterious effect of peritonitis. We also observed favorable differences and outcomes for the bicarbonate/low-GDP fluid with respect to other EMT-associated molecules, although with no conclusive results. A larger series of patients might be required to confirm these results, but the consistency of our findings with those from other studies supports the hypothesis of an improvement in biocompatibility.
